The bioactive flavonoid compounds of Strobilanthes crispus (Pecah Kaca) leaves obtained by using supercritical carbon dioxide (SC-CO 2 ) extraction were investigated and the obtained crude extract yields were compared in order to select the best operation parameters. Since carbon dioxide is a non-polar solvent, ethanol was used as co-solvent to increase the polarity of the fluid. The studied parameters were pressure ( 
Introduction
Flavonoids are polyphenolic compounds that are widely distributed in fruits, vegetables, teas and medicinal plants and most commonly known for their antioxidant activity. There are now growing interest in these compounds as they are reported to play a role in the control and prevention of cancer and tumerogenesis, possibly as a result of their antioxidant activity (Gamache et al., 1997) .
Strobilanthes crispus (Pecah Kaca) has been used traditionally as antidiabetic, diuretic, antilytic, and laxative (Sunarto, 1977) and has been proven scientifically to possess high antioxidant activity, anti-AIDS, and anticancer properties. This is due to its phytochemical constituents especially mineral contents, antioxidant vitamin as well as catechin (Ismail et al., 2000; Abu et al., 2007) . It is commonly consumed in a form of herbal tea. Recent investigations on ethnopharmacological studies demonstrate that S. crispus leaves extract was an effective antioxidant with an ability as antihyperglycemic and antilipidemic agent. The extract has the effect on minimizing the glucose level in blood and also reduces the risk of disease of the blood vessels and heart muscle/cardiovascular ailment (Abu et al., 2006) . Therefore, it is interesting to find an effective method to prepare bioactive flavonoid compounds from S. crispus.
The conventional techniques to obtain plant extracts, such as steam distillation and organic solvent extraction, usually require several hours or even days causing the extraction process spending a large volume of solvent. Apart from difficulties in the extraction step, the solute/solvent separation may result in degradation of the thermolabile components and traces of the solvent used may be present in the product, which may reduce quality assessment of the extraction yield (Scalia et al., 1999; Luque de Castro and Jimǐenez-Carmona, 2000; Sewram et al., 2000; Tontthubthimthong et al., 2001) .
Supercritical fluid extraction (SFE) has been documented as an effective method for preparing bioactive products from plant materials (Modey et al., 1996) . The combined liquidlike solvating capabilities and gas-like transport properties of supercritical fluids make them particularly suitable for the extraction of diffusion-controlled matrices such as plant tissues. Moreover, the solvent strength of supercritical fluid can be manipulated by changing pressure (P) and/or temperature (T); therefore, it may achieve a remarkably high selectivity. This tunable solvation power of supercritical fluid is particularly useful for the extraction of complex samples such as plant materials (Reverchon et al., 1993) . One good example in the selective extraction by using supercritical fluid was a vindoline component extraction from among more than 100 alkaloid compounds from the leaves of Catharanthus roseus (Song et al., 1992) .
Carbon dioxide, the most commonly used supercritical fluid, has the additional advantages of being non-flammable, fairly non-toxic, cost-effective and easily removed from the extract following decompression. Finally, due to its relatively low critical temperature (31.1 • C), it may be an ideal technique to study thermally labile compounds (Pan et al., 1995; Dron et al., 1997) . Supercritical CO 2 is a good solvent for extraction of non-polar compounds such as hydrocarbons (Vilegas et al., 1997) . Usually, addition of a small amount of a liquid co-solvent (modifier) can enhance significantly the extraction efficiency and, consequently, reduce the extraction time (Lang and Wai, 2001) . Ethanol is more preferable as a co-solvent in supercritical fluid extraction because of it lower toxicity (Hamburger et al., 2004; Lang and Wai, 2001) .
To date, there are no publications found on flavonoid extraction from S. crispus by supercritical fluid extraction. In this study supercritical carbon dioxide was employed to extract flavonoid bioactive compounds from S. crispus. The objectives of the study were (i) to determine the effects of pressure, temperature and dynamic extraction time on extraction yield; (ii) to identify flavonoid obtained from S. crispus and, (iii) to find the optimum processing variables for supercritical carbon dioxide (SC-CO 2 ) extraction.
2.
Materials and methods
Materials
The leaves of S. crispus were harvested from the herbal garden of the Faculty of Medicine and Health Sciences, University Putra Malaysia, Malaysia. The leaves were separated from the stalks, thoroughly washed with tap water and rinsed with distilled water. The leaves were dried in ventilated drying oven (1350FX, USA) at 40 • C for 24 h. The dried leaves were stored in a dark place at room temperature for 20 days. Immediately prior to the extraction process, the dried leaves were ground in a dry mill blender (MX-335, Panasonic, Malaysia) to form a powder in order to increase the surface area of sample. The particle size of the powder was determined through a sieve analysis (Endecotts Minor, USA) with an approximate size of 0.50 mm. Commercial grade liquid carbon dioxide (purity 99.99%), supplied in cylinder with dip tube, was purchased from Malaysian Oxygen (MOX), Malaysia. Ethanol (EtOH, 99.5%, analytical grade) was obtained from Scharlau Chemical, European Union and methanol (MeOH, HPLC grade) was purchased from Fisher Scientific Chemical, USA. Triflouroacetic acid (TFA ≥ 98%) was obtained from Sigma, Aldrich, Germany. The flavonoid standards including (+)−catechin, (−)-epicatechin, apigenin, rutin, luteolin, kaempferol, myricetin and naringenin were purchased from Sigma, Aldrich, Germany.
Supercritical fluid extraction (SFE)
The supercritical carbon dioxide extraction system and components were acquired from Thar Designs, Inc. (Pittsburgh, PA), including the following: 500 ml extraction vessel, high-pressure pump (model P-50), automated back pressure regulator (model BPR-A-200B) and PolyScience brand water bath and pump unit (model 9505). Circulated deionized water at 5 • C was used for cooling different zones in the SC-CO 2 extraction apparatus. The independent variables were pressure (100, 150 and 200 bar), temperature (40, 50 and 60 • C) and dynamic extraction time (40, 60 and 80 min). A schematic design of the SFE unit used in this work is shown in Fig. 1 . Thirty grams of ground plant material were well mixed with 2.0 mm diameter glass beads, placed into the extractor vessel. The introduction of some rigid materials such as glass bead or sea sand packed with the ground sample, is capable of maintaining a proper flow rate of CO 2 in the extractor vessel and maintained the desired permissibility of the particle during extraction process (Chemat et al., 2004; Wang and Weller, 2006) .
Liquid carbon dioxide and co-solvent (ethanol) were pumped into the extraction vessel after desired temperature was achieved. The flow rate of CO 2 and co-solvent were maintained at 10 and 1 g/min, respectively. Static extraction was performed for 30 min after the desired pressure and temperature were reached. The dynamic extraction was started by opening the exit valve for the SC-CO 2 extraction system. The static extraction allows the sample of S. crispus to soak in the CO 2 and co-solvent in order to equilibrate the mixture at desire pressure and temperature. The static extraction time will be performed at supercritical condition for every run conducted by this SFE work. During the dynamic extraction time, CO 2 carrying the crude extract flowed out of the extraction vessel unit and into a collection vessel, where the CO 2 was vented to a fume hood.
Determination of extraction yield
The extracts from the SC-CO 2 extraction were collected and the residue of the co-solvent from the extract was removed by evaporator under vacuum at 40 • C using a Eyela N1000 Rotary Evaporator (Japan). The extract was then placed in the oven at 40 • C for 30 min before transferring into the desiccator for final constant weight and all of the steps were performed with the exclusion of light. The results of the experiments were based on extraction yields and expressed as equation below:
where Y extract is percentage of extraction yield, m extract is the crude extract mass (g) and m feed is the feed mass (g).
Experimental design
The three independent variable levels with coded values as minimum (−1), center (0) and maximum (1) and physical values are shown as in Table 1 . The independent variables selected to perform the experimental design were included as follow: extraction pressure, extraction temperature and dynamic extraction time. The experiments were conducted with full factorial design (3 3 ), which refers to three independent variables studied and three levels were conducted for each independent variable. Altogether, 27 runs were performed under randomized order and the experiments on each sample were carried out in duplicate in order to evaluate the variability of measurement. Data were subjected to analyses of variance (ANOVA) and multiple comparison tests were performed using a least significant difference (LSD), suitable for factorial design, at 95% of confidence level. Statistical calculations and analysis were performed using statistical software, MINITAB release 14.
Determination of bioactive flavonoids by high performance liquid chromatography (HPLC) analysis
The flavonoid components of the S. crispus extracts were analyzed by high performance liquid chromatography (HPLC) method (Wang and Helliwell, 2001 ). The HPLC analyses were performed with a Water 600 pump Controller, 9486 tunable absorbance UV detector and equipped with an Eclipes XDR-C18 reversed-phase column (25 cm × 4.6 mm × 5 m, Supelco, USA). Classic Millenium 2010 software was used for manipulation of data processing. The compounds were eluted with a gradient elution of mobile phase, solvent A consisted of deionized water adjusted to pH 2.5 with TFA and solvent B consisted of 100% methanol (HPLC grade). Gradient elution program set as follows: 0 min 100%A:0%B; 10 min 60%A:40%B and 30 min 50%A:50%B followed by 40 min 100%A:0%B. The injection volume was 20 l and each run was followed by an equilibration period of 15 min. The temperature was set to room temperature with flow rate set at 1.0 ml/min and the wavelength was set for detected flavonoid at 280 nm.
The calibration curve was constructed by dilution of external standards with methanol to give the desired concentrations. The concentration of each standard of flavonoids was prepared at 0.1, 0.2, 0.3, 0.4, 0.5 mg/ml and subjected to HPLC separately. The calibration curve was plotted as peak area (arbitrary units) obtained from absorbance at 280 nm against standard (mg/ml) and the data points fitted into a line of best fit by linear regression method. All of the main flavonoid compounds were identified by matching their retention time against those of standard compounds and the quantity calculations were made according to the linear calibration curves standards.
Results and discussion

Optimization of the experimental condition
The full randomized factorial design 3 3 was conducted to optimize the extraction pressure, temperature and dynamic extraction time. Therefore for a full evaluation effect of three selected factors from three levels and duplicate experiments on the extraction yield, 54 (3 3 × 2) number of runs were performed. In this study, the focus was placed on the main effects of three important factors namely pressure, temperature and dynamic extraction time. Other factors which may influence the extraction process such as co-solvent flow rate, CO 2 flow rate and powder particle size are made constant. From our preliminary study, the analysis by HPLC of the extraction yield found that there was non-existent of any flavonoid compounds if the operating pressure was above 200 bar. Therefore the upper limit for the pressure level was set to 200 bar. The lower limit for pressure was set at 100 bar as it is just above the critical pressure of the CO 2 solvent (73 bar), as suggested by previous workers for extraction of flavonoid compounds from plant material (Sonsuzer et al., 2004; Wang et al., 2008) . Temperature of 40 • C is just above the critical temperature for CO 2 (31.06 • C) and this temperature is generally used in the extraction of plant materials by SC-CO 2 . The selected upper limit of the temperature (60 • C) was low enough to avoid the damage of heat sensitive compounds (Cossuta et al., 2008) .
The variation of extraction yields as a function of change in different level of the factors studied is shown in Fig. 2 . The mean values of the extraction yields for each corresponding parameter levels were calculated. The mean values at the three levels for each parameter show how the extraction yield changes when the level of parameter is changed. Based on the obtained mean value of main effects of the three most important factors, the highest extraction was obtained at 200 bar pressure, 50 • C temperature and 80 min dynamic extraction time. The extraction yields for extraction time of 60 and 80 min are almost similar. Therefore the dynamic extraction time at 60 min was recommended so as to reduce the CO 2 consumption since dynamic extraction time of more 60 min does not significantly (P > 0.05) increase the yield.
As shown in Table 2 , k represents the difference of the mean values between three average responses for each level of extraction yield. The k value data was computerized from MINITAB (release 14) based on experimental data on the percentage yield of extraction. From the k value it can be concluded that pressure (k value = 1.18) had a dominant effect on the extraction yield after which followed by temperature (k value = 1.09) and the dynamic extraction time (k value = 0.05). 
3.2.
Effect of pressure on extraction yield Fig. 3 presents the effect of pressure on extraction yield of S. crispus in SC-CO 2 at three levels namely 100, 150 and 200 bar at constant temperature. According to the results, as pressure increases from 100 to 200 bar, the extraction yield increased. At a constant temperature, increasing the pressure will increase the density of the SC-CO 2 . The solvent strength of SC-CO 2 increases with the density of CO 2 . As the density increased, the distance between the molecules decreased therefore the interaction between the analytes and CO 2 increased, leading to greater solubility of the analytes in CO 2 (De Castro et al., 1994) . Therefore the increase in pressure will also accelerate mass transfer analytes and solvent in supercritical extractor vessel system and improve the extraction yield. This suggests that the solubility of flavonoids in SC-CO 2 is proportional to the density of SC-CO 2 . This result was clearly shown for higher temperature at 50 and 60 • C. However, as mentioned in previous section, at pressure above 200 bar there was non-existent of any flavonoid compounds. extraction was studied. Density of CO 2 at constant pressure decreases with increasing temperature and hence reduces the solvent power for SC-CO 2 . On the other hand the increase of temperature can increase the vapor pressure of analytes. Therefore the tendency of compounds to be extracted passing through the supercritical fluid will increase (Reverchon and De Marco, 2006) . A moderate increase in temperature can lead to a large decrease in fluid density, with a consequent reduction in solute solubility (Roop et al., 1989) . In this study the dual effect was clearly shown at the three constant pressures.
Effect of temperature on extraction yield
Results showed that the extraction yield increased as temperature was increased from 40 to 50 • C. This can be explained in a way that increasing temperature affected the enhancement of vapor pressure of analytes which is greater than the reduction of density of CO 2 . However, a temperature increase from 50 to 60 • C caused a decrease in the extraction yield which probably is due to reduction in the density of CO 2 .
Effect of dynamic time on extraction yield
Fig . 5 shows the effect of mean value of dynamic extraction time on extraction yield of S. crispus in SC-CO 2 . Extraction was performed with SC-CO 2 at the static extraction time of 30 min, followed by three levels of dynamic extraction times set at 40, 60 and 80 min. According to the result obtained, by increasing the dynamic extraction time, the extraction yield was enhanced. However, since the difference between percentage of extraction yield obtained for 60 and 80 min was not significantly different, so 60 min is a reasonable time to be used for the extraction which contributes to less utilization of CO 2 gas. Based on the probability value (P-value), time has no significant effect on the extraction yield with P > 0.05.
Identification and quantification of the extracted compound
The best conditions obtained for the extraction of flavonoids from S. crispus leaves extracts were pressure at 200 bar, temperature at 50 • C and dynamic extraction time of 60 min. The extract at optimum conditions was analyzed by HPLC in order to determine the contents of main flavonoid compounds. For the comparison of bioactive flavonoid identification with other extraction condition, the extracts at two other SC-CO 2 conditions for minimum (100 bar, 40 • C, 40 min) and maximum (200 bar, 60 • C, 80 min) levels were carried out for HPLC analysis.
In this study, a problem existed in applying the standard method for hydrolyzing the flavonoid glycosides in S. crispus extracts. Even when using abrasive hydrolysis conditions (refluxing for 2 h with 6 M HCL, pure methanol and water) it was not possible to perform complete hydrolysis to produce all free aglycone for quantification. All flavonoid compounds from the extraction yield were identified by matching the retention time and their spectral characteristics against those of standards as comparison. The summary of calibration curve (correlation curves) for eight flavonoid standards including (+)-catechin, (−)-epicatechin, rutin, myricetin, luteolin, apigenin, naringenin and kaempferol are shown in Table 3 . Detailed identification and quantification of the compounds extracted by SFE under different conditions are presented in Table 4 . Based on the results, the variations in the concentration of flavonoid compounds were obvious, where the optimum condition was more efficient than the minimum and maximum levels of each parameter for obtaining bioactive flavonoid compounds from S. crispus. Under minimum level, only two flavonoid compounds namely (+)-catechin and rutin were extracted with lower concentration and many residues existed. However, at the optimum condition, all eight bioactive flavonoids including (+)-catechin, (−)-epicatechin, rutin, myricetin, luteolin, apigenin, naringenin and kaempferol were detected with good separation and in high concentration. In this optimum condition, kaempferol (19.45 mg/g) was found to be the highest concentration among the rest of other flavonoid compounds. At maximum condition level, seven flavonoids were detected including (+)-catechin, (−)-epicatechin, rutin, myricetin, luteolin, naringenin and kaempferol. Upon analysis using HPLC at maximum condition, rutin was found with highest concentration at 14.14 mg/g. From the results of the three conditions of treatment, it was found that (+)-catechin and rutin were always present, as they are less polar for flavonoid compounds, which are easily extracted by SC-CO 2 extraction.
Conclusion
According to our results, the optimum conditions of SC-CO 2 for S. crispus bioactive flavonoid compounds were pressure at 200 bar, temperature at 50 • C and dynamic time at 60 min. Based on mean value, it can be shown that the effect of extraction variables on extraction yields decreased in the following order: pressure, temperature and dynamic extraction time. The extraction pressure played a dominant role in the yield of the sample while the effect of time could be ignored. Under the optimum conditions, highest bioactive flavonoid compound content was at 3.98% and eight flavonoid compounds were identified. From identification of bioactive flavonoid compounds by HPLC in this study, it clearly revealed that temperature at 50 • C is more convenient to be selected for SC-CO 2 extraction, in order to avoid thermal degradation of the sample.
